It is generally believed that bryophytes are the earliest land plants. However, the phylogenetic relationships among bryophytes, including mosses, liverworts and hornworts, are not clearly resolved. To obtain more information on the earliest land plants, we determined the complete nucleotide sequence of the chloroplast genome from the hornwort Anthoceros formosae. The circular doublestranded DNA of 161 162 bp is the largest genome ever reported among land plant chloroplasts. It contains 76 protein, 32 tRNA and 4 rRNA genes and 10 open reading frames (ORFs), which are identical with the chloroplast genome of the other green plants analyzed. The major difference is a larger inverted repeat than that of the liverwort Marchantia, Anthoceros contains an excess of ndhB and rps7 genes and the 3¢ exon of rps12. The genes matK and rps15, commonly found in the chloroplast genomes of land plants, are pseudogenes. The intron of rrn23 is the ®rst ®nding in the known chloroplast genomes of land plants. A striking feature of the hornwort chloroplast is that more than half of the protein-coding genes have nonsense codons, which are converted into sense codons by RNA editing. Maximum-likelihood (ML) analysis, based on 11 518 amino acid sites of 52 proteins encoded in the chloroplast genomes of the green plants, placed liverworts as the sister to all other land plants.
INTRODUCTION
Approaches based on morphological, physiological and molecular data in extant plants have identi®ed bryophytes as the earliest land plants (1, 2) . However, the exact phylogeny remains unresolved, especially with regard to which group of bryophytes represents the earliest form of land plants. Much morphological and molecular data (3), including sequences of nuclear small subunit rRNA (4), chloroplast rbcL (5) and rRNA internal transcribed spacers (6) , and mitochondrial cox3 (7) and small subunit rRNA (8) , support paraphyly of the bryophytes (9, 10) . However, these studies have not resolved the issue of the basal-most lineage of land plants in spite of the use of genes from all three genomes. Phylogenetic analysis based on chloroplast genes and nuclear rRNA genes (11) and cladistic analyses based on male gametogenesis (3, 12) suggest hornworts to be the ®rst. However, the fossil evidence (13) and intron structures of mitochondrial genomes (10, 14) support liverworts as the earliest land plants.
The complete nucleotide sequences of many chloroplast genomes have been determined and this information has contributed to phylogenetic analyses. The angiosperms Nicotiana (15) , Oryza (16), Zea (17) and Spinacia (18), the gymnosperm Pinus (19), the bryophyte liverwort Marchantia (20) , the green alga Chlorella (21) and the prasinophytes Nephroselmis (22) and Mesostigma (23), all of which belong to the green plant lineage, have been studied. The genome of the charophyte Chaetosphaeridium, which is thought of as a direct ancestor of land plants, was recently published (24) . In addition, studies on the whisk fern Psilotum (accession no. AP004638; T.Wakasugi, A.Nishikawa, K.Yamada and M.Sugiura, in preparation) and the moss Physcomitrella (C.Sugiura, Y.Kobayashi, S.Aoki, C.Sugita and M.Sugita, in preparation) will soon be published. The missing data on the chloroplast genome with which to identify the earliest land plants could come from hornworts and early land plant lycopods. Therefore, we have determined the complete nucleotide sequence of the hornwort Anthoceros formosae chloroplast genome. Here we discuss the earliest land plants inferred from the entire structure of chloroplast genomes.
MATERIALS AND METHODS
Total DNA was isolated from A.formosae as described previously (25) and used as a template for PCR. Thalli of the hornwort grown on 1/2 KnopII-agar medium were homogenized in a buffer containing 50 mM Tris±HCl pH 8.0, 10 mM EDTA, 20% sucrose, 5 mM 2-mercaptoethanol and 0.1% BSA with a Waring blender. The homogenate was passed through cheesecloth and spun at 1000 g for 10 s to remove unbroken cells. The chloroplast-rich fraction was precipitated from the supernatant by centrifugation at 3000 g for 10 min. Chloroplast DNA was solubilized in an extraction buffer containing 100 mM Tris±HCl pH 8.0, 50 mM EDTA, 500 mM NaCl, 10 mM 2-mercaptoethanol and 1% SDS and extracted by a standard method with phenol/ chloroform/isoamyl alcohol (25:24:1). Chloroplast DNA was ampli®ed using a PCR ampli®cation kit (Takara, Osaka, Japan) with appropriate primers. The primers (accession no. AB086179) were designed from the partial sequences of several clones of an Anthoceros chloroplast DNA library which were analyzed previously (unpublished). The ampli®ed DNA was ligated into Charomid vector (Nippon Gene) as described (25) and the resulting 18 clones were con®rmed to cover the entire chloroplast genome. They were subcloned into Bluescript vector (Stratagene) to analyze their nucleotide sequences. Nucleotide sequences were analyzed with the Prism Dye Terminator Cycle sequencing kit (Applied Biosystems) on a DNA sequencer (Model 310; Applied Biosystems). The resulting sequences were treated with Genetyx-Mac v.8.5 and Genetyx-Mac/Atsq v.3.0 software (SDC, Tokyo). Nucleotide sequences for every coding region including pseudogenes and open reading frames (ORFs) were corrected by direct sequencing of re-ampli®ed A.formosae DNA. These regions were ampli®ed with the primers (AB086179), which were designed from the genomic sequence of 20±50 nt upstream and downstream of the coding region, so as to be able to sequence the entire coding region. Ampli®ed regions were directly analyzed with the Prism Dye Terminator Cycle sequencing kit (Applied Biosystems). Additional primers within the coding regions were also designed from the genomic sequence.
Total RNA was isolated from A.formosae using CTAB (26) with a slight modi®cation and cDNA for chloroplast transcripts was synthesized as described previously (25) . Nucleotide sequence for every coding region of cDNA including pseudogenes and ORFs was ampli®ed and sequenced as described above.
Phylogenetic analysis was carried out using 11 518 amino acid sites of 52 genes. They were atpA, atpB, atpE, atpF, atpH, atpI, clpP, petA, petB, petD, petG, psaA, psaB, psaC, psaI, psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbL, psbM, psbN, psbT, psbZ, rbcL, rpl2, rpl14, rpl16, rpl20, rpl23, rpl32, rpl36, rpoA, rpoB, rpoC1, rpoC2, rps2, rps3, rps4, rps7, rps8, rps11, rps12, rps14, rps18 and rps19 from the genomes of A.formosae (AB086179), Marchantia polymorpha (20) , Chlorella vulgaris (21), Chaetosphaeridium globosum (24), Nicotiana tabacum (15), Pinus thunbergii (19) and Psilotum nudum (T.Wakasugi, A.Nishikawa, K.Yamada and M.Sugiura, unpublished results). The amino acid sequences of Anthoceros were obtained from cDNA sequences (accession nos AB087416±AB087494) because it contained a large number of editing sites. The amino acid sequences were aligned using CLUSTAL W, v.1.81 (27) . Maximum likelihood (ML) analysis was performed by PROTML in the MOLPHY v.2.3b3 package (28) . Using constraint phylogeny within vascular plants [Psilotum (Pinus, Nicotiana)], the trees were examined for their approximate likelihoods under the JTT-F model (29) with the`-e' option. Local bootstrap probability was estimated using the resampling of estimated log likelihood (RELL) method (30, 31) with the best tree.
RESULTS

Overall genome organization
The circular chloroplast DNA of A.formosae is 161 162 bp long and divided into two regions by a pair of inverted repeat regions (IR) of 15 744 bp each. The large single copy region and small single copy region are 107 503 and 22 171 bp, respectively (Fig. 1) . This is the largest genome ever reported among land plant chloroplasts, though the gene contents and arrangement are quite similar to those of the liverwort M.polymorpha (20) . The major difference is a larger IR than that of Marchantia, Anthoceros contains an excess of ndhB and rps7 genes and the 3¢ exon of rps12. Identi®ed genes and conserved ORFs (ycfs) are listed in Table 1 . We have found 112 genes including 76 protein coding genes, four rRNA genes and 32 tRNA genes. In addition, we have found 10 ORFs and two pseudogenes. Each ORF shows 60±70% identity with that of Marchantia. ORF1031 and ORF473 are homologous to the 5¢ and 3¢ regions of the ycf1 of Nicotiana, respectively. There is a large intergenic spacer between the cysA and trnT-GGU and we have detected a transcript longer than 770 nt. However, the transcript did not show any ORF form where no RNA editing was detected.
The differences in genes in the chloroplast genomes of Anthoceros and Marchantia are summarized in Table 2 . The intron of rrn23 in Anthoceros is the ®rst ®nding in the known chloroplast genomes of land plants. Two introns of ycf3 are commonly present in the chloroplast genomes of land plants, except Marchantia, in which only the ®rst intron is found. The second intron is present in Chaetosphaeridium. ycf66 is absent in Anthoceros but present in the other bryophytes Marchantia and Physcomitrella. The gene trnP-GGG is present in Anthoceros, but is absent in Physcomitrella and is a pseudogene in Marchantia. The genes matK and rps15 are commonly present in all the known chloroplast genomes of the land plants and Chaetosphaeridium, but are pseudogenes in Anthoceros. The overall GC content of the genome is 32.9%, which is closer to that of the algae Chlorella (31.6%) (21), Odentella (31.8%) (32) and Porphyra (33%) (33) rather than Chaetosphaeridium (29.6%) (24) and the land plants Marchantia (28.8%) (34) and angiosperms (38±39%) (15±17).
RNA editing
A number of peculiar gene structures have been found in the chloroplast genome of Anthoceros, as described in our previous papers (25, 35) . Therefore RNA editing events have been systematically investigated in every transcript from the Anthoceros chloroplasts, except for some tRNAs. In total, 507 C®U and 432 U®C conversions have been identi®ed in the transcript of 68 genes and eight ORFs. The unusual initiation codon ACG in atpB, atpH, petA, cysA and ccsA is converted into the usual initiation codon AUG by RNA editing of C®U. 164 nonsense codons of UGA, UAA and UAG in the 52 protein-coding genes and the seven ORFs are also converted into sense codons of CGA, CAA and CAG, respectively, by U®C conversion. The anticodon UUC in trnK is expectedly converted into UUU. The conversion of the anticodon by RNA
editing is the ®rst ®nding in plants, though RNA editing in the stem of tRNA has been known in plant mitochondria (36±38). Not all the nonsense codons within putative coding regions, however, are recovered by RNA editing. Several nonsense codons found in rps15-and matK-like sequences are not edited, though their transcripts are detected. Therefore we denote them as pseudogenes. Details of RNA editing will be provided in subsequent publications.
Phylogenetic analysis
Phylogenetic relationship among the early land plants was inferred from the ML analysis based on 11 518 amino acid sites of 52 genes (Fig. 2) . The tree of which the relative bootstrap probability was 75.3% indicated that Marchantia was sister to the other land plants, including Anthoceros. Local bootstrap probabilities of those branches supporting this phylogenetic relationship were quite high (100%), though the divergence between Marchantia and Anthoceros was 66%. In the second greatest-likelihood tree, Marchantia and Anthoceros formed a clade with a relative probability of 24.5%.
DISCUSSION
RNA editing is required in all major lineages of land plants except in complex thalloid liverworts (7, 39) . No editing, however, is required in algae (39, 40) , suggesting that liverworts are the earliest land plants. Extensive RNA editing has been observed in the hornwort A.formosae (25, 35) , suggesting that hornworts were the ®rst to acquire RNA editing. However, simple leafy liverworts contain the editing mechanism (39,41). Thus, assuming liverworts in total as a 718 We have found an intron of rrn23 in Anthoceros. The intron is located in the homologous site of the charophytes Chlorella (21) and Chlamydomonas (43), but there is no intron in any known chloroplast genomes of land plants and Chaetosphaeridium. The sequence and location of them suggest that the intron of Anthoceros was derived from early charophytes, which was lost from coleochaetales and the common ancestor of the other land plants (Fig. 3) , suggesting hornworts to be the earliest land plants. This view is supported by cladistic analyses based on male gametogenesis (3, 12) and on ultrastructural data (42) , and phylogenetic analyses based on nuclear small subunit rDNA (4), mitochondrial cox3 (7) and nad5 (44), mitochndrial small subunit rDNA (8) and a multigene data set (11, 45) . However, ycf66 is absent in the chloroplast genome of Anthoceros, as it is in the known vascular plants, but is present in those of the other bryophytes, suggesting that hornworts are the sister to vascular plants.
ML analysis based on amino acid sequences of chloroplast genomes showed that liverworts were sister to the other land plants and bryophytes were monophyletic with relative bootstrap probabilities of 75.3 and 24.5%, respectively. The former,`liverworts-basal topology', was supported from the distribution of mitochondrial introns (10, 14) and from the fossil evidence (13) . Although the latter is contradictory with the view that bryophytes are palaphyletic (46) , it cannot be ruled out from our present results. The complete chloroplast structures of the moss Physcomitrella and lycopods, which are the closest relatives to bryophytes within vascular plants, will give important information about the earliest land plants. 
